Introduction
Platelets are micron-sized, disk-shaped cell fragments which constitute about 5% of cells in blood. They play a role in blood clots formation, as they seal breaks during hemostasis. 1 Platelets are part of physiological processes such as wound healing, 2 liver regeneration, 3 tumor metastasis, 4 and capturing bacteria for neutrophils. 5 As a rich source of growth factors, platelets accelerate the recovery of bone and soft tissues. Platelets are transfused for chemotherapy, thrombocytopenia secondary to bone marrow neoplasms, and platelet function defects. [6] [7] [8] The gold-standard method for platelet separation is centrifugation, which separates platelets from other blood components by density. A whole blood sample is typically centrifuged at high speed (2,000-3,000 g) for approximately 10 mins. Centrifugation repeated over >1 hr yields a platelet concentrate for apheresis. However, the centrifugation-based method has limitations. Since platelets are activated by shear stress and aggregation, 9 high-speed & repeated centrifugation activates the platelets, affecting their integrity and functionality. Metcalfe et al. showed that P-selectin expression, an indication of platelet activation, is 40% greater after centrifugation than a control. 10 Others reported that 75% of platelet smears prepared by centrifugation showed altered morphologies, and that centrifugation affected the release of B-thromboglobulin and platelet-derived growth factors. [11] [12] [13] [14] Moreover, it is difficult to remove white blood cells (WBCs) from platelets by centrifugation due to the similar densities of platelets and WBCs. If WBCs are mixed with platelets during transfusion, infection or immune repression may result. Transfusion currently demands an additional step called leukoreduction to remove WBCs by filters. This additional step prolongs the blood-processing time and affects the platelets' quality. 15 Recent methods for platelet separation are based on microfluidic platforms, such as filtration, dielectrophoresis, and acoustics. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Common to these microfluidic methods is low throughput (<< 1 mL/min), so they take a while to process a unit (~350 mL) of whole blood. In this regard, it is crucial to develop a new method for highthroughput, high-recovery-rate, high-biocompatibility, and highpurity platelet separation & enrichment, removing both red blood cells (RBCs) and WBCs in one step while preserving the integrity of the platelets.
In this work, we demonstrate an acoustic separation method to remove RBCs and WBCs from undiluted human whole blood. Experiments results show that this method yields high platelet recovery (>85%) and RBC/WBC removal (>80%) at a flow rate of 10 mL/min. Compared to the previous acousticbased platelet separation, 19, 20 our throughput was increased by more than 2,500 times. We also conducted a comprehensive characterization on platelet integrity, including platelet activation level, morphology, and hypotonic shock response. Experimental results show excellent post-separation platelet integrity over conventional centrifugation methods. In addition, our acoustic separation method involves simple fabrication processes without complicated microfabrication techniques. With high throughput, high recovery rate, high purity, high biocompatibility, and simplicity, our acoustic separation method is desirable for platelet enrichment upon transfusion.
Working Mechanism
Fig . 1A is a schematic of the acoustic-based platelet separation chamber. A thin reflective resonator is fabricated by bonding a composite transducer to the bottom of a stainless steel fluidic chamber. The chamber is much thinner than the transducer. Two inlets introduce a buffer at the upper level and a whole blood sample at the lower level. Fig. 1B shows the acoustic separation from a side view of the chamber. When the transducer operates at its resonance frequency, a pressure gradient is generated along the vertical direction with a pressure node (minimum) above the buffer solution and a pressure antinode (maximum) below the blood sample. 26, 27 As particles enter the pressure field, they are subject to acoustic radiation forces in the vertical direction:
where p 0 , V p , λ, φ, x, ρ m , ρ p , β m , and β p are pressure amplitude, particle volume, wavelength of acoustic waves, contrast factor, vertical distance from the pressure node, density of medium, density of particles, medium compressibility, and particle compressibility. When passing through the pressure field, the two layers of fluids start to contact. At the same time, the RBCs/WBCs are subject to stronger acoustic radiation forces than platelets due to their greater volumes (their difference in volume is much more significant than their difference in contrast factor), 19 so they move into the buffer at the upper level and flow to the top outlet. The platelets remain at the lower level of the chamber and flow to the bottom outlet. To reduce the mixing or contamination of the two fluids, dividers are incorporated into the channel to prevent the contact between the top and bottom fluids. Before separation can work effectively, the mismatch of acoustic impedances between two fluids must be addressed. 32 The acoustic impedance Z of a material is proportional to the speed of sound c in this material and the material density ρ: Ζ = cρ. Sameer et al.
reported that even a slight difference of acoustic impedances between two fluids (as low as 0.1%) can induce fluid relocation in a resonant acoustic field; the fluid of higher impedance moves to the node while the other fluid of lower impedance moves to the antinode. 32 Typical acoustic impedances are 1.66 × 10 6 kg/(sec·m 2 )
for blood and 1.48 × 10 6 kg/(sec·m 2 ) for a water-based buffer such as 1× PBS solution. This mismatch is significant enough to move the entire blood sample including platelets into the top outlet, resulting in a low platelet recovery rate. To prevent fluid relocation during platelet separation, the acoustic impedance of the buffer may be adjusted until it is equal to or higher than that of the blood sample.
Considering that aqueous dextrose (or glucose) is of higher acoustic impedance than blood (1.77 × 10 6 kg/(sec·m 2 ) at 25% concentration) and is biocompatible with blood components at a low concentration, dextrose is used to tune the acoustic impedance of the buffer.
Materials and methods
The separation chamber was built with stainless steel. Seven stainless steel sheets (60 × 20 mm) of thickness 75 µm were cut with various patterns by laser cutting and were laminated into a fluidic chamber sealed with epoxy (8265S, J-B Weld, USA). The total thickness of the chamber was 525 µm and the inner channel height was 375 µm. The width of the channel was 17 mm. Tubing (McMaster-Carr, USA) of inner diameter 2.5 mm was assembled at the inlets and outlets with tube fittings. A customized 1-3 composite transducer (TransducerWorks Inc., PA, USA) of thickness 1.7 mm was bonded to the bottom of the fluidic chamber with Devcon 5-minute epoxy to form a resonator.
To deliver the blood sample and buffer, the tubing was connected to a homemade peristaltic pump, which afforded a flow rate from 1 to 50 mL/min. A RF signal generator (E4422B, Agilent Tech, USA) and a power amplifier (100A250A, Amplifier Research, USA) provided a coherent AC signal. The resonance frequency of the composite transducer after bonding to the fluidic chamber was measured with a vector network analyzer (VNA 2180, Array Solutions, USA).
The whole blood sample for acoustic separation was purchased from Zen-Bio, Inc. and analyzed with a hematology analyzer (Ac·T diff2, Beckman Coulter, USA) before and after processing. A Megafuge 16R (Thermo Scientific, MA, USA) provided centrifugation. Dextrose 50% sterile solution from Durvet was added into 1× PBS buffer to tune the buffer's acoustic impedance. The platelets' functionality and quality were evaluated by the expression level of CD 62P (P-selectin), the morphology score, and the hypotonic shock response (HSR). The expression level of P-selectin on the platelets' surface was measured with a human sP-selectin immunoassay 
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Please do not adjust margins (R&D Systems, Inc., MN, USA). The morphology score was characterized by a method developed by Wagner et al. 33, 34 Briefly, platelet samples were diluted with plasma to 300,000/µL, and a drop (10 µL) was placed on a slide and examined under a microscope. 100 platelets were counted and evaluated according to 7 classes: disc, altered disc, ring, sickle cell, sphere, dendrite, and bizarre. The morphology score was then presented as the percentage of discoid platelets (discs and altered discs). The platelet hypotonic shock response (HSR) was measured turbimetrically with an aggregometer (500VS, Chrono-Log, USA).
Results and Discussion

High-throughput separation
Conventional acoustophoresis devices separate cells/particles from the horizontal plane, so the channel width is restricted due to the limited cell/particle displacement. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] A typical channel width for acoustic separation is normally between 100 and 1000 µm, which results in a relatively small throughput (<1 mL/min). This is an obstacle for applications such as rare cell isolation and transfusion. To improve processing throughput without additional sheer stress to cells, the channel dimensions are increased. By applying external forces along the vertical direction, the restriction in lateral channel width is lifted. 48 
Shim et al. developed a dielectrophoretic field-flowfractionation (DEP-FFF) technique by applying dielectric
forces along the vertical direction and increased the channel width to 25 mm. 49 This large channel dimension lead to a high processing throughput, which separated a 10 mL cell sample within 1 h. We established a vertical acoustic separation configuration by generating acoustic radiation forces along the positive z axis at all positions inside the channel (Fig. 1) . The channel was 17 mm in width, greater than the previous acoustophoresis channel by two orders of magnitude. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] Therefore, the throughput can be improved to ~10 mL/min without compromising the separation efficiency. Conventional microlithography was not ideal for fabricating this large, multi-layered flow channel. We developed a simple fabrication technique by laminating layers of laser-cut stainless steel slides into a single device. Moreover, to make fabrication easier, the thin reflector mode was adopted because it allows greater variation in layer thickness compared to the quarter-wave and half-wave resonant modes. During platelet separation, the same flow rate was applied to both inlets. To prevent dilution of collected sample, a pump drew from the top outlet at this flow rate. The two fluids contacted each other only when they passed through the transducer's working region (20 mm in length), in order to minimize fluid diffusion. As shown in Fig. 2A , although a small fraction of blood cells was observed from the top outlet (right), most of the blood sample still came out the bottom (left) when the acoustic power was off. In contrast, when the acoustic power was on, a large number of RBCs/WBCs moved from the bottom to the top outlet as shown in Fig. 2B . The isolated Please do not adjust margins
Please do not adjust margins platelet sample was collected from the bottom outlet to a centrifuge tube for comparison with the original whole blood sample. Fig. 2C shows 5 mL of collected sample (left) and original whole blood (right) after centrifugation at 300 g for 15 min. From the figure, more than 80% of the RBCs/WBCs were removed after acoustic separation. The blood samples were also analyzed by flow cytometry shown in Fig. 2D and Fig. 2E . Before separation (Fig. 2D) , there was 97.2% of RBCs/WBCs and 2.6% of platelets in the blood sample. Significantly, the concentration of platelets was increased to 81.3% after separation (Fig. 2E) by reducing the RBCs/WBCs concentration to only 18.5%.
Tuning acoustic impedance
Since the acoustic impedance of undiluted whole blood is greater than that of 1× PBS buffer (or other low-impedance buffers), the fluid relocation phenomenon prevents the isolation of platelets from RBCs/WBCs by moving the entire whole blood sample to the pressure node. As a result, it is necessary to engineer the buffer solution and match the acoustic impedance of the two fluids. In this work, dextrose was added to the buffer to tune its acoustic impedance. Fig. 3A shows the relation between resonance frequency and dextrose concentration. As the dextrose concentration increased from 0 to 15%, the resonance frequency also slightly increased from 225 to 237 kHz; this relation is approximated as linear. RBC/WBC removal and platelet recovery are used to evaluate the performance of acoustic separation. Removal rate is defined as the ratio of blood cells collected from the top outlet to the blood cells introduced at the inlet. The recovery rate is the ratio of isolated platelets collected from the bottom outlet to the platelets introduced at the inlet. As shown in Fig.  3B , the platelet recovery increased when dextrose was added to the buffer. At 15% dextrose concentration, the platelet recovery was 95.9%, meaning the fluid relocation was restrained. In contrast, RBC/WBC removal decreased as the dextrose concentration increased. As the medium density increased, the contract factor φ in Eq. (2) decreased, so the acoustic radiation force in Eq. (1) decreased. To balance recovery with removal rate, 10% dextrose in buffer solution was appropriate since both parameters were more than 80%.
Device performance
The input power was critical for acoustic separation efficiency. In a study of voltage applied to the transducer, the flow rate was set as 5 mL/min with 10% dextrose concentration. As shown in Fig. 4A , the RBCs/WBCs removal rate was significantly improved from 63.9% to 87.5% by increasing the applied voltage from 30 to 42 V pp , thereby applying higher acoustic radiation forces to particles. The removal increased linearly in this voltage range. However, the rate of increase was much less at higher voltages. From 42 to 46 V pp the removal increased less than 1%. This was because the transducer did not generate a stronger acoustic resonance. The influence of applied voltage to platelet recovery was not as significant to WBSs/RBCs removal. In the voltage range between 30 and 46 V pp , the platelet recovery rate slightly decreased from 92.7% to 87.1%. Please do not adjust margins
Please do not adjust margins
We also investigated the influence of flow upon separation performance. As flow speed increase, particles experience acoustic radiation force for a shorter period of time. Therefore, it is more difficult to remove RBCs/WBCs from platelets at a higher flow rate. Below a flow rate of 10 mL/min, the RBC/WBC removal rate and platelet recovery rate had small changes and both maintained above 80% (Fig. 4B) . As the flow rate of blood sample increased from 2 to 10 mL/min, the RBC/WBC removal rate slightly decreased while the platelet recovery rate slightly increased. The device maintained good separation efficiency at this flow rate range, an improvement more than 2,500 times over the existing acoustic-based platelet separation techniques. 19, 20 When the flow rate further increased, the RBC/WBC removal rate fell below 80%. With our current device, the separation was optimized at 46 V pp applied voltage, 5 mL/min flow rate, and a 10% dextrose concentration in the buffer to balance throughput, RBC/WBC removal, and platelet recovery. Fig. 5A shows that the separation yielded 88.4% RBC/WBC removal and 86.2% platelet recovery.
Platelet quality and function
Finally we compared our acoustic separation technique with conventional centrifugation in terms of post-separation platelet activation level, morphology, and hypotonic shock response (HSR) 60 ( Fig. 5B-D) . It seems that the acoustic separation device damaged the platelets much less than the centrifuge. In the latter method, the blood sample was first centrifuged at 300 g for 10 min. The top layer and middle layer were collected and centrifuged again at 2000 g for another 10 min to isolate Please do not adjust margins
Please do not adjust margins platelets from RBCs/WBCs. The activation levels of the two methods were compared by measuring the expression level of CD 62P (P-selectin) as well as a control of untreated platelets in original whole blood. As shown in Fig. 5B , compared to the control sample the platelet activation level only increased 7.8% by acoustic separation, and 22% by centrifugation. The morphology score (Fig. 5C ) was 60.5 for acoustic separation and 51.5 for centrifugation, indicating that discoid platelets were of greater integrity after acoustic separation than after centrifugation. Hypotonic Shock Response (HSR) measured the platelets' ability to extrude water after addition. The acoustically separated platelets had a higher HSR and so were of higher viability.
Conclusions
In this work, we separated platelets from undiluted whole blood with an acoustic separation device. High-throughput platelet separation along the vertical direction was achieved by introducing an acoustic resonator with simple device fabrication. To prevent fluid relocation, the acoustic impedance of the buffer solution was tuned with dextrose. We investigated the influence of applied voltage and flow rate to the separation efficiency. At a sample flow rate of 10 mL/min, we achieved greater than 80% RBC/WBC removal and platelet recovery. By optimizing experimental conditions such as applied voltage and buffer solution, we achieved 88.4% RBC/WBC removal and 86.2% platelet recovery at a throughput of 5 mL/min. Compared to centrifugation, our acoustic separation method preserves platelets with better integrity and functionality. Therefore, this method is a promising alternative for platelet isolation as well as other applications involving cell separation.
